ABSTRACT: Three conjugated polymers based on diketopyrrolopyrrole (DPP) in the main chain and perylene bisimide (PBI) side chains were developed for application in singlecomponent organic solar cells. The crystallinity of the polymers was optimized using long dodecyl linkers between the DPP and PBI units and alkylthiothiophene groups on the benzodithiophene (BDT) units that alternate with DPP in the main chain. These side chains improve the nano-phase separation in the polymers, facilitating a high power conversion efficiency of 2.74% with broad photo-response between 300 nm and 900 nm in single-component solar cells.
The photoactive layers of organic solar cells have advanced from single conjugated materials to binary and multi-component blends. Presently a bulk-heterojunction (BHJ) consisting of an electron donor and electron acceptor represents the most successful approach with power conversion efficiencies (PCEs) over 13%. 1 Single-component organic solar cells (SCOSCs) have also received some attention, e.g. by developing conjugated block copolymers containing an electron donor and acceptor in one molecule to mimic the BHJ structure, but their performance is far from optimal. [2] [3] [4] [5] [6] [7] This is mainly because it is difficult to realize the proper nano-phase separation between donor and acceptor in block copolymers, resulting in severe charge (hole and electron) recombination and low photocurrent in solar cells. 8 In contrast, nano-phase separation in BHJ photoactive layers can be intentionally optimized, e.g. via tuning the crystalline properties of the conjugated materials or via the processing conditions. 9 It seems to be a challenging task to realize nano-phase separation in singlecomponent conjugated materials in order to achieve high performance SCOSCs.
Herein we present the advantageous effects of increasing the length of the alkyl side chains and introducing heteroatoms through the synthesis of three single-component conjugated polymers in which the electron donor is located on the conjugated backbone and the electron acceptor in pendant side groups, also named as "double-cable" polymers. [10] [11] [12] [13] [14] [15] [16] Conjugated block copolymers, including rod-coil 17-18 and rod-rod 19-21 structures, are the most studied single-component polymers for solar cells. However, due to the use of macro-monomers, most of block copolymers contain homopolymer impurities and defects, although they can be removed via some advanced methods such as quasi-living polymerization 16, 22 and post-purification by preparative gel permeation chromatography (GPC). 23 The "double-cable" conjugated polymers can effectively prevent these disadvantages, but their application in SCOSCs has been limited although they have been reported as early as 2001. [10] [11] This is possible due to the difficulty to optimize the phase separation in these "double-cable" polymers, causing severely charge recombination in solar cells. Our design in this work is aiming to improve the nano-phase separation of these polymers so as to enhance their performance in SCOSCs. 24-27 PBI derivatives with fused and twisted backbones have shown superior electron-transporting properties in non-fullerene solar cells. [28] [29] [30] Therefore, it is interesting to incorporate the semi-crystalline DPP backbone and π-conjugated PBI units into one material. In this work, we select a near-infrared absorbing DPP-polymer PDPP2TBDT 31 (Scheme 1a) in which DPP is alternating with two-dimensional benzodithiophene (BDT) to construct the singlecomponent polymer SCP1, followed by tuning the distance between DPP and PBI to yield the polymer SCP2. Then SCP3 introduces alkylthiothiophene side chains on BDT. 32 We demonstrate that the two structural modifications are able to improve the nanophase separation of the polymers and result in a PCE of 2.74% in SCP3-based SCOSCs compared to 0.51% based on SCP1 as photoactive layer.
The synthetic procedure for the monomers and polymers is shown in Scheme 2 and the detailed methods are presented in the Supporting Information (SI). Starting from the DPP compound M1, the key precursors M3 and M8 could be obtained via alkylation and bromination reactions, in which the four bromine atoms exhibit distinct reactivity. This enabled us to introduce PBI side chain into the DPP molecules by using mono-alkylated PBI compound M4, 33 yielding the DPP-PBI monomers M5 and M9. The chemical structures of the precursors and monomers were confirmed by NMR and MALDI spectra, as shown in the Supporting Information. The polymers SCP1, SCP2 and SCP3 were prepared via Stille polymerization by using distannyl-BDT monomers M6 and M10 with alkylthiophene or alkylthio-thiophene side units. The polymers are readily soluble in CHCl 3 . The number-average molecular weight (M n ) determined by GPC measurement at 160 °C in 1,2,4-tricholorobenzene was 6.6, 23.5 and 20.7 kg mol -1 for the polymer SCP1, SCP2 and SCP3. All polymers show good thermal stability with 5% weight loss temperature above 340 °C ( Figure S1 ). The polymers SCP1 -3 exhibit broad absorption spectra in the range of 300 -900 nm with two distinct regions: region I located at 400 -600 nm is attributed to the absorption of PBI units; region II at 600 nm -900 nm is from the absorption of DPP-polymer backbone and similar to that of PDPP2TBDT ( Figure 1a , Figure  S2 and Table S1 ). SCP1 with a hexyl linker has a similar optical band gap (E g = 1.45 eV) as PDPP2TBDT, but the absorption maximum in region II is significantly blue-shifted, indicating that the PBI units have significant impact on the π-π stacking of conjugated backbone. When using long dodecyl linkers in SCP2 the absorption in region II and onset are red-shifted compared to PDPP2TBDT. This illustrates that longer alkyl linkage can effectively influence the impact of large PBI on the π-π stacking of polymer backbone. SCP3 with alkylthiothiophene units exhibits similar absorption spectra as SCP2. With respect to region I, it can be noted that the ratio of the intensity of the peaks of PBI at 530 and 492 nm decreases when going from SPC1 to SPC3. This peak ratio is sensitive to the π-π stacking of PBIs [34] [35] and indicates that stacking of PBIs is more pronounced for SPC3 than for SPC1. The effects of the length of alkyl linker and alkylthiothiophene unit are also reflected in the steady-state photoluminescence (PL) spectra (Figure 1b) . Compared to the emission of PDPP2TBDT, the PL of SCP1 -3 was quenched, but the quenching ratio varied from 37.0 to 17.8 and 8.8. The lesser quenching in SCP2 and SCP3 is consistent with a more pronounced nano-phase separation in thin films. In BHJ systems with donor and acceptor, crystalline donor polymers can provide better nano-phase separation and the PL signals in blended thin films will be enhanced due to the presence of pure donor polymers domains. 36 Therefore, we infer that in SCP1 thin films, the DPP-backbone and PBI are well-mixed, causing high PL quenching. When using the long alkyl linker or crystalline alkylthiothiophene units, the polymer backbone is able to self-aggregate, such that emission from the polymer backbone can be observed. The results are fully consistent with the optical absorption spectra for the three polymers.
The frontier orbital energy levels of the polymers determined by cyclic voltammetry measurement are shown in Figure S3 and Table S1 . SCP1 and SCP2 possess similar energies of the highest occupied molecular orbital (HOMO) as PDPP2TBDT, while SCP3 has a slightly lower-lying HOMO level. This will enhance the open-circuit voltage (V oc ) in SCOSCs. The lowest unoccupied molecular orbital (LUMO) levels of the SCP1-3 located at lower position than that of PDPP2TBDT, which is due to the electrondeficient PBI units (Table S1 ).
The three polymers were then applied into SCOSCs with an inverted device configuration, using ITO/ZnO and MoO 3 /Ag electrodes. Optimization of the conditions for solution-processing of the photoactive layers is summarized in Tables S2 -S7 . The performance of SCOSCs depends on thermal annealing temperature. The J-V characteristics of the optimized cells are shown in Figure  2a and the parameters are summarized in Table 1 . BHJ solar cells based on PDPP2TBDT:PBI are included in SI for comparison. (Table S8 ). The enhanced V oc in SCP3-based cells is related to its deeper-lying HOMO level. The enhanced J sc of these cells were reflected in their external quantum efficiencies (EQEs) ( Figure  2b ). All cells provide a broad photo-response from 300 to 900 nm with two distinct regions from PBI and DPP-polymer backbone, similar to their optical absorption spectra. SCP1-based cells showed EQEs below 0.1, while the EQE of SCP2-based cells was enhanced to above 0.2. The SCP3-based cells had the highest EQE with a maximum EQE of 0.35. The calculated J sc from EQE spectrum were 2.77, 6.37 and 8.71 mA cm -2 , which is consistent with the J-V measurements. Internal quantum efficiencies (IQEs) of the cells can also be calculated based on the refractive index and extinction coefficient of all layers in the device, in which SCP3-based cell showed IQE above 0.5, while IQE of SCP1 and SCP2 were below 0.5 and 0.3. The average IQEs of SCP1 -3 based cells were 0.22, 0.42 and 0.57 that was consistent with their EQE spectra ( Figure S5) . Interestingly, the polymer SCP2 and SCP3 with dodecyl linkers also perform high absorption coefficiency compared to the polymer SCP1 with hexyl linkers ( Figure  S5b and c) .
The enhanced J sc and FF in SCP2 and SCP3 based cells indicate better nano-phase separation between the polymer backbone and PBI units. Indeed, fiber-like structures can be observed in SCP2 thin films, as shown in atomic force microscopy (AFM) images ( Figure S6 ). The morphology of these polymers was further studied by grazing-incidence wide-angle X-ray scattering (GIWAXS) and transmission electron microscopy (TEM), as shown in Figure 3 and Figure S7 . From GIWAXS patterns, a clear enhanced crystallinity from SCP1 to SCP3 can be observed, as confirmed by the peaks located at in-plane (IP) (100) diffraction peaks and out-of-plane (010) diffraction peaks (Figure 3d-f) . By using the full width at half maximum of the reflections, the crystal correlation length (CL) could be obtained, in which CL of (100) peaks was 2.0, 8.9 and 10.9 nm for SCP1 -3 ( Table 2 ). CL of (010) peaks also showed the similar trends. The enhanced CL indicates that SCP2 and SCP3 are more crystalline in thin films reflected in the enhanced FF of the BHJ solar cells. This indicates that the charge transport efficiency is improved in the order of SCP3 > SCP2 > SCP1, as also observed in BHJ solar cells. 37 TEM confirms that crystalline domains are present in the active layer, although quite small (< 10 nm). Due to the small length scale of interest and low contrast formation in these materials, no significant difference between the three samples could be observed.
Absorption, PL and GIWAXS results reveal that long alkyl linkages in SCP2 are able to improve the nano-phase separation between DPP and PBI, and alkylthiothiophene units strengthen the crystallinity of the polymer backbone. This will further provide better micro-phase separation in thin films, explaining the highest J sc and FF in SCP3-based cells. It is also interesting to mention that, although the crystallinity in these single-component polymers is slightly reduced compared to PDPP2TBDT ( Figure  S8 ), the d-spacings of (010) peaks (3.63 Å) in these singlecomponent polymers are significantly reduced compared to PDPP2TBDT (3.95 Å) ( Table 2) . We infer that large π-conjugated PBI units with strong π-π interaction are able to enhance the π-π stacking of the conjugated backbone. This kind of condensed crystal packing would be helpful for charge transport in organic field-effect transistors. a The solution-processed condition for the thin films is referred to Table 1. b Crystal correlation length CL = 2π/FWHM.
In conclusion, three new single-component conjugated polymers based on DPP-polymer backbone and PBI side chains were developed for SCOSCs. By introducing a long dodecyl linker between DPP and PBI units and alkylthiothiophene groups on BDT, the polymer SCP3 was found to show high crystallinity and better nano-phase separation compared to the polymer SCP1 with short hexyl linkers and alkylthiophene units. Consequently, a high PCE of 2.74% can be achieved in SCP3-based SCOSCs, while SCP1-based cells only provided a low PCE of 0.51%. Our results clearly demonstrate that by finely tuning the chemical structures of single-component polymers, the nano-phase separation can be optimized to realize high performance SCOSCs. 
